OBJECTIVE -Endothelium-dependent coronary dilation is impaired in diabetic patients and has been found to independently predict cardiovascular events (CVEs) in patients with multiple coronary risk factors. The aim of this study was to evaluate the outcome of type 2 diabetic patients on the basis of epicardial coronary dysfunction.
I
n diabetic patients, coronary atherosclerosis develops earlier than in other subjects and accounts for excessive morbidity and mortality (1) . Because it is well established that the endothelium plays a key role in the regulation of vascular tone and the development of atherosclerosis (2) , it has been suggested that endothelial dysfunction could be a predictor of cardiovascular risk (3) . It has been shown that endothelium-dependent epicardial coronary artery vasodilation in response to acetylcholine (4) or physiological stimuli (5) is impaired in diabetic patients, suggesting that endothelial dysfunction occurs before the development of overt atherosclerosis. Recently, coronary endothelial dysfunction, evidenced by intracoronary acetylcholine, has been demonstrated to be an independent predictor of cardiovascular events (CVEs) in patients with coronary artery disease (6 -8) and patients with coronary risk factors (8) . The cold pressor test (CPT), which activates the sympathetic nervous system, induces dilation of coronary arteries in control subjects and constriction of atherosclerotic coronary arteries (6, 9, 10) . In diabetic patients, CPT has been shown to induce coronary artery constriction (5) , which may reflect endothelial dysfunction.
The purpose of the present study was to evaluate the ability of the epicardial coronary response to the CPT to predict CVEs in type 2 diabetic patients with angiographically normal coronary arteries and no other major risk factors.
RESEARCH DESIGN AND METHODS -The study population was comprised of 56 control subjects and 72 type 2 diabetic patients undergoing diagnostic coronary arteriography between October 1994 and May 2000 because of symptoms suggestive of angina, and/or an equivocal treadmill exercise test or singlephoton emission computed tomography stress thallium scintigraphy. We excluded patients with other major coronary risk factors, including arterial hypertension, total cholesterol serum level (without treatment or with lipid-lowering therapy) Ͼ5.70 mmol/l (220 mg/dl) or LDL cholesterol Ͼ3.70 mmol/l (143 mg/dl), smoking, obesity (BMI Ն30 kg/m 2 ), family history of premature coronary artery disease (defined as a first-degree relative aged Ͻ60 years with clinical evidence of coronary atherosclerosis), aged Ͼ65 years, and postmenopausal women without substitutive hormonal therapy. Patients with recent myocardial infarction, unstable angina, valvular heart disease, and atrial fibrillation were also excluded. None of the diabetic patients were insulin treated (13 sulfonylurea, 14 biguanide, 21 ␣-glucosidase inhibitor, 14 sulfonylurea ϩ biguanide, and 10 biguanide ϩ ␣-glucosidase inhibitor), and all included patients were free of cardiovascular medication with the exception of short-acting nitrates, which were withdrawn the day before the investigation. All patients had normal left ventricular dimensions, mass, and systolic function, assessed by twodimensional and M-mode echocardiography (11, 12) . Inclusion in the study was made with the consensus of two experienced investigators on immediate review of the angiograms whenever coronary arteries were angiographically normal without luminal irregularities. The study protocol was approved by an institutional review committee.
Patients were studied in the fasting state and no premedication was administered. Hemodynamic measurements and a left coronary angiogram (baseline) were recorded 15 min after diagnostic coronary arteriography. Five minutes later, the CPT was performed. The patient's hands were immersed in ice water for 120 s, and the data were recorded immediately before removal of the hands from the ice water. At the end of the protocol, endothelium-independent coronary artery dilation was studied using intracoronary injection of a bolus of 2 mg isosorbide dinitrate.
Quantitative coronary arteriography Measurement of the left anterior descending coronary artery diameter was performed by a previously validated technique (13) . The accuracy of the technique was 3.6 Ϯ 0.5% (means Ϯ SD) and the precision 2.4 Ϯ 0.9%. The maximum error between the actual and the calculated diameter was equal to Ϯ5.7% (R 2 ϭ 0.994). A segment of the guiding catheter filled with saline was placed close to the center of the image and used as a scaling device for calibration before beginning the procedure. Each angiogram was analyzed at random without knowledge of the sequence (baseline, CPT, and isosorbide dinitrate).
Long-term follow-up Cardiovascular events were defined as sudden cardiac death, myocardial infarction, and stable and unstable angina documented by coronary arteriography, coronary angioplasty or surgical revascularization, stroke, and transient ischemic attack. For patients who were followed in the institution, hospital medical records were reviewed concerning the occurrence of cardiac events. Patients who were not followed in the institution were contacted by telephone. The study group was formed after exclusion of six patients (four control subjects and two diabetic patients) because follow-up could not be obtained.
Statistical analysis
All data are means Ϯ SD. Differences between the groups for clinical and biological characteristics and basal hemodynamic parameters were compared with the nonparametric Mann-Whitney test. Differences between baseline and CPT hemodynamic parameters were compared with paired Student's t test. Comparisons between coronary artery dimensions at baseline, during CPT, and after intracoronary isosorbide dinitrate were made by two-way ANOVA with repeated measures for the experimental condition factor, followed by the Fisher protected leastsignificance difference test. The differences between the groups for CVE were analyzed using Pearson's 2 test. Cumulative event rates were evaluated by KaplanMeier survival curves. Probability values for survival curve comparisons were calculated with the log-rank statistic. The potential effect of therapy and patient variables were analyzed using Cox regression techniques. Statistical significance was assumed when P was Ͻ0.05.
RESULTS -The mean follow-up was 45 Ϯ 19 months (range 27-68). Patient characteristics are summarized in Table 1 , which shows that there were no differences between the two groups for age, lipid profile, BMI, or echocardiographic parameters. However, the LDL-to-HDL ratio was higher in diabetic patients than in control subjects (2.17 Ϯ 0.33 vs. 1.80 Ϯ 0.24, respectively, P Ͻ 0.05). Creatinine clearance was estimated using the Cockcroft-Gault formula (14) and was similar in the two groups. The proportion of women was significantly higher in the diabetic group, and systolic pressure, although within the normal range according to the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure recommendations at the date of inclusion of the patients, was slightly higher in diabetic patients than in control subjects. Twelve control subjects and 43 diabetic patients were receiving a lipid-lowering therapy (statin, gemfibrosil, or fibrate).
CPT and coronary artery changes
The hemodynamic changes during CPT were comparable in both groups. Aortic pressures increased significantly in both groups. Although heart rate did not increase in diabetic patients and was slightly increased in control subjects, ratepressure product increase was comparable in both groups ( Table 2) . The coronary artery responses to the CPT were defined as dilation (change Ն6%), no change (change ϽϮ6%), and constriction (change ՆϪ6%). These values were chosen according to the highest error reported in the validation technique, i.e., 5.7%, a change in vessel diameter being defined as a minimum 6% variation. Values of coronary artery diameter throughout the procedure are provided in Table 3 , which shows that baseline diameters were similar in diabetic patients and control subjects.
In control subjects, dilation occurred in 51 of 56 subjects, and no change occurred in 5 of 56 subjects. Constriction was never observed in these subjects (Fig.  1) . Constriction was, however, observed in most of the diabetic patients (53 of 72); in 19 of 72 diabetic patients no diameter change was observed, and none of the patients showed significant dilation. The average diameter change (Fig. 1 ) was significantly higher (17.2 Ϯ 10.4%) in control subjects than in diabetic patients (Ϫ14.4 Ϯ 12.1%). According to the response, diabetic patients were divided into two groups, those with no change constituted group 1 (n ϭ 19, average diameter change 2.7 Ϯ 4.3%), and those with constriction constituted group 2 (n ϭ 53, average diameter change Ϫ19.8 Ϯ 5.6%).
An intracoronary injection of isosorbide dinitrate, an endotheliumindependent coronary artery dilator, showed comparable results in all the groups ( Fig. 1 ): 26.4 Ϯ 11.8% in control subjects, 24.9 Ϯ 14.3% in diabetic patients, 25.2 Ϯ 11.4% in group 1, and 23.5 Ϯ 12.7% in group 2.
Cardiovascular events during followup Cardiovascular events are summarized in Table 4 . In control subjects, only one transient ischemic attack was observed. Comparing the number of subjects with events, results show that CVEs were significantly higher in diabetic patients (26 for 18 patients) (Fig. 2) . Frequency of CVE was not different in group 1 (three in two patients) and control subjects. Conversely, the frequency of CVEs was significantly higher in group 2 (23 in 16 patients) than in control subjects (Fig. 2) . In addition, the most severe and acute CVEs (stroke, sudden cardiac death, unstable angina, and myocardial infarction) were observed only in group 2. Analysis of the cumulative proportion of CVE-free survivals shows that in diabetic patients with constriction, the incidence of events was significantly higher than in control subjects (Fig. 2) , as opposed to diabetic patients without constriction. Moreover, the first CVE occurred 19 months after the inclusion in group 2 and 44 months after inclusion in group 1. Finally, there was a trend toward more constriction of coronary arteries in the 18 patients with (Ϫ22.7 Ϯ 14.9%) than in the 54 patients without (Ϫ13.5 Ϯ 12.7%) CVEs.
On the other hand, none of the control subjects had cardiac events (Table 3 and Fig. 3 ), whereas the patients in group 2 had most of them (16 in 11 patients) compared with group 1 (2 in 1 patient) (Fig. 3) . The analysis of the cumulative proportion of cardiac event-free survivals shows that in group 2, the number of cardiac events was significantly higher than in control subjects, and the first cardiac event occurred 27 months after inclusion. Conversely, in group 1, the number of cardiac events was comparable to control subjects, and the first one occurred after a 57-month delay (Fig. 3) .
The Cox regression analysis shows that the CVE rate differed between group 2 and control subjects while adjusting for differences in baseline clinical characteristics (age, sex, BMI, arterial pressure, and lipid profile). On the other hand, there was no difference between the clinical characteristics of the two groups of diabetic patients (age, sex, BMI, arterial pressure, lipid profile, duration of diabetes, and HbA 1c ). Last, the frequency of use of the different classes of antidiabetic (sulfonylureas, biguanides, and ␣-glucosidase inhibitors) and lipidlowering agents was not different in these two groups, and there was no difference in the duration of diabetes.
CONCLUSIONS -The main findings of the present study conducted on type 2 diabetic patients with angiographically normal coronary arteries is that coronary artery constriction induced by CPT is predictive of CVEs and cardiac events. Because CPT-induced coronary constriction has been demonstrated to be due to endothelial dysfunction in patients with risk factors (5,10,15,16), patients with other major confounding factors have been excluded from this study, which clearly demonstrates the role played by type 2 diabetes per se. In addition, this study shows that response to nonpharmacological testing achieved during coronary angiography, which does not require intracoronary Doppler measurements, can be predictive of CVEs in diabetic patients.
CPT response as a witness of coronary endothelial dysfunction
In normal subjects, the CPT induces sympathetic stimulation (17) , thus increasing heart rate, arterial blood pressure (9,10), and myocardial oxygen demand. Enhanced myocardial metabolic demand results in an increase in coronary blood flow and dilation of epicardial coronary arteries (18) . Dilation of coronary arteries is endothelium dependent and mainly due to the release of nitric oxide secondary to the stimulation of ␣ 2 -adrenoceptors located on endothelial cells (19) and to flow-dependent dilation (20, 21) . Thus, the endothelium facilitates vasodilation of both resistance and large coronary vessels (22, 23) . Conversely, CPT constricts atherosclerotic coronary arteries (9,24) as well as both coronary arteries and microcirculation in patients with risk factors but normal arteries (5, 10, 25, 26) . In this study, CPT induced constriction of epicardial coronary arteries in most diabetic patients, whereas the magnitude of dilation of the arteries of control subjects was comparable to that reported in other studies (9, 24) . The resistance of the coronary arteries to relaxing in diabetic patients could be caused by endothelial dysfunction so that flowdependent dilation is blunted and reveals adrenergic vasoconstriction. It has been suggested that oxidative stress, which is increased in diabetes (27) , can depress endothelium-mediated dilation by inactivation of nitric oxide (28) . Indeed, an antioxidant agent could restore endothelium-dependent dilation in diabetes (5, 29, 30) . On the other hand, it has been shown that there was a failure of coronary blood flow to adequately increase in diabetic patients because of impaired metabolic microvascular dilation (26, 31) , which could mask the ability of epicardial arteries to dilate in the absence of flow velocity increase. In the present study, coronary blood flow was not measured, and we cannot conclude whether the impairment of coronary artery dilation was primarily due to large vessel dysfunction or the consequence of the absence of coronary blood flow increase due to microvascular dysfunction. However, it must be pointed out that even when flowdependent dilation is abolished, coronary arteries do not constrict (5, 32) . Thus, whatever the mechanism, constriction of epicardial arteries in diabetic patients reflects an endothelial dysfunction. Then again, lipid-lowering therapy is known to affect endothelial function and restore normal dilation in hypercholesterolemic patients. In our study, we have not found differences between patients taking lipidlowering therapy and the other subjects at baseline in the control group, where no patient evidenced coronary artery constriction to the CPT, and in the two diabetic subgroups, where the proportion of patients taking lipid-lowering therapy was comparable in both groups (12 of 19 in group 1 and 31 of 53 in group 2). Finally, because the rate-pressure product was similarly increased in control subjects and diabetic patients (Table 2) , a lower metabolic stimulus cannot explain the coronary constriction in the latter. Because coronary artery diameter changes in response to an exogenous donor of nitric oxide, isosorbide dinitrate, were comparable in control subjects and the two groups of diabetic patients, an impaired responsiveness of underlying vascular smooth muscle cells or structural changes of the vascular wall can also be ruled out.
Prediction of CVEs in type 2 diabetic patients
Recent studies have provided conflicting results about cardiovascular risk in type 2 diabetes. Haffner et al. (33) have shown that diabetic patients without myocardial infarction have as high a risk of coronary death as nondiabetic patients with prior myocardial infarction. However, Evans et al. (34) concluded that type 2 diabetic patients were at lower risk for CVEs than patients with coronary artery disease. Thus, prediction of CVE with special attention to major cardiac events is an important challenge in type 2 diabetic patients, who are frequently asymptomatic. Although the exercise stress test and thallium-201 single-photon emission computed tomography have been demonstrated to be predictive in high-risk patients (35) , there is no information about what happens in diabetic patients before the development of coronary atherosclerosis.
In view of recent studies that have shown that coronary endothelial dysfunction could be a predictor of CVEs (6 -8), we selected diabetic patients with angiographically normal coronary arteries and without any other major risk factor, and we used CPT, a very simple method, to study the endothelial function of large coronary vessels by quantitative angiography. Our findings, which are based on a follow-up period of 45 Ϯ 19 months, show that in diabetic patients with coronary constriction, only 67.9% remained free of CVE, whereas 89.5% of diabetic patients without coronary constriction remained free of CVE (one patient developed a stable angina that required angioplasty). Moreover, major events were observed only in patients with coronary constriction (stroke, sudden cardiac death, unstable angina, and myocardial infarction). Comparable results have been reported in patients with mild coronary artery disease or with normal coronary arteriography, whose epicardial arteries and/or coronary microcirculation constricted in response to acetylcholine (7, 8) , a method that required intracoronary Doppler and intracoronary injection of acetylcholine.
The predictive value for CVE of constriction of the epicardial coronary arteries to CPT or to acetylcholine has been shown to be comparable in patients with coronary artery disease (6). Our results confirm that CPT is a reliable method for testing endothelial function and that it may reveal endothelial dysfunction.
In our study, endothelium-independent response to isosorbide dinitrate was normal and comparable in all of the groups (Fig. 2) and could not serve as a predictor of CVE. These results are at variance with those of Schächinger et al. (6) , but similar to those in other studies (7, 8) . This discrepancy might be due to the se- verity of coronary atherosclerosis in the first study, whereas we have studied patients free of angiographically visible lesions.
Because the endothelium also plays an important role in the control of thrombogenesis, platelet activity, vascular hypertrophy and remodelling, the inflammatory process, lipid deposition, accumulation of foam cells, and the development of lipid plaques (2), our data suggest that type 2 diabetic patients with endothelial dysfunction develop atherosclerosis more rapidly, even when diabetes is treated. However, we were unable to show any difference between the different classes of antidiabetic agents, possibly because the population was too small, and probably because most of the patients were treated by more than one agent, and because during follow-up the therapy was modified to improve glycemic control, and all of the included patients had appropriate glycemic control at the end of the study.
Study limitations
This study is retrospective and, although the patients were carefully selected to permit conclusions on the specific cardiovascular risk of type 2 diabetes, the number of patients was relatively small, and the results remain to be confirmed by a larger prospective study. This small number of patients explains that, despite results showing that the event rate was significantly higher in group 2 than in control subjects, the threshold of significativity was not reached for comparison between groups 1 and 2.
In our study, although many control subjects and diabetic patients were receiving lipid-lowering therapy at the time of coronary artery angiography, we considered these patients to have no cardiovascular risk linked to hypercholesterolemia because lipid fraction concentrations were within the normal range and comparable in diabetic patients and control subjects. Although it has been demonstrated that lipid lowering could restore a normal coronary endothelial function, the proportion of patients with lipidlowering therapy was comparable in the two groups of diabetic patients. On the other hand, although cholesterol components were comparable in the two groups, the LDL-to-HDL ratio was moderately higher in diabetic patients and might have played a role in their increased risk. However, we did not find differences for CVEs between patients having an LDL-to-HDL ratio Ն2.00 and those with a ratio Ͻ2.00.
Although systolic pressure was higher in our diabetic patients, at time of the inclusion, all patients had systolic pressure Ͻ140 mmHg and diastolic pressure Ͻ90 mmHg, values that were considered normal by the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure and the World Health Organization. Nevertheless, it has been shown that aggressive blood pressure control in normotensive diabetic patients may prevent the development or progression of microalbuminuria (36) , which is a cardiovascular risk factor and linked to microvascular complications, suggesting endothelial dysfunction, and recommended values for diabetic patients have been lowered recently. However, we do not think that arterial pressure in our diabetic patients could explain the differences in prognosis with control subjects and between the two groups of diabetic patients because arterial pressure was not different in the two groups of diabetic patients and the proportion of patients with microalbuminuria in the two groups of diabetic patients was the same (5 in group 1 and 11 in group 2).
Selection was based on an abnormal exercise test and/or stress thallium scintigraphy and coronary arteriography, which represents only a small part of the diabetic population. Because patients with a normal exercise test and/or stress thallium scintigraphy and patients with an abnormal coronary arteriography were excluded, results cannot be extended to all diabetic patients. However, we cannot exclude angiographically undetectable atherosclerosis because intravascular ultrasound studies (37) have shown that early coronary atherosclerosis can be present despite angiographically normal vessels. However, it has been shown that there was no significant correlation between cor- onary intravascular ultrasound results and endothelium-dependent response to acetylcholine (7) . Lastly, results show that baseline and the maximal diameter of the coronary arteries were comparable in all of the groups (Table 3) . Therefore, we think that concentric diffuse coronary atherosclerosis can be reasonably ruled out.
Conclusions and clinical implications
Endothelial dysfunction of the large coronary arteries may identify a subgroup of diabetic patients at higher risk for CVEs. This information can be obtained by using CPT without pharmacological testing and intracoronary Doppler. However, because coronary arteriography cannot be used as a screening method, it would be of interest to investigate whether similar predictive information could be obtained from a peripheral noninvasive study of the endothelial function (brachial post occlusive hyperemia, for example), since it has been demonstrated that endothelial dysfunction is detectable in first-degree relatives of patients with type 2 diabetes (38) and because it has been recently shown that forearm endothelial dysfunction evidenced by intravascular acetylcholine might be a marker of future CVE in hypertensive patients (39) . It would also be of interest to conduct prospective studies on agents that improve endothelial function in order to see whether they may prevent CVE.
